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Temperature of a Copper Arc
Chazrles H. Corliss

The tempe

sition probahbilities for epectra of 20 slements with speatral-line intensities

pdded to the copper.  The infepsitica are taken from the recently published NP8

tral-line Intensitiez sod the trapeition
terminstiona ere diaoussed. The set

separatel
Trhles o
individusl

rature of & copper &rd in air has been mesgured by compering 31 sets of tran-

m those elements

hehilitiea from the literature. The
determinationa i3 ghown to follow &

Ganzsian distribution showt a mean of 5100 *KE, The average daviation of the determing-

tiona l8 470 °K and the standard devistion of the mean In 110 K, This tem

Likre

may be veed In the evaloatlon of thousands of atomie trangition probabilitles from the

Intensitiea in the new tables, The effect of the uncertainty in the teumn

ratura on derfved

transition probabilities s evaluated as a fnnetion of exegitation poteotial,

1. Introduction

Physicists have a natursl interest in messuring
quantities of extraordinery magnitude. This is
especielly true when the quantity messored permits
new or more accurate evaluations of physical
constants,

Such c{)u,u.ntit.}r is tha temperature of the electrie
arc in sir between metollic electrodes. Well sbova
the melting peints of all matarials and the boiling
Eomts of nearly all, the arc provides one of the

ottest locations generslly available in the physical
laboratory. In such an arc it is possibla to study
the properties of atoms whose behavior is described
by Boltzmann's law.

One particular arc, the temporature of which is
especially interesting is the arc between copper
electrodes, in which 5]2 spactra reported in the ﬁB‘-}
Tubies of Spactral-line Intengities were excited [1].
It happens that the temperature of this arc is sus-
ceptible of measurement by means of these very
spectral-line intensity data. In itself, this would
tampt v2 to carry out the determinstion; the fact
that an accurate valuas of the temperatura may
enable ws' to evaluate transition probahilities for
tha 25,000 classified lines in the NES Tables makes
the temptation irresistible.

The arc haz boen deseribed in the NBS Tables [1].
It was struck between two copper pellets 3 ingh in
diatneter, ¥ inch long, and weighing 1.5 each.
The pelleta wera formed in a hy‘d.ra.uﬁu ress &t
5000 psi from fine copper powder.  Two pellota were
mouvnted in water cooled clainps, catheda nbove the
anode, with an are pap of 3 mm, A direct curront
of 10 amperes, controllad by resistive ballast, was
drawn from s 220-volt lina. oaures with which
the specira were taken variad in durafion from 1 sec
% 5 min depending on spectregraphic efficiency and
photographic plate sensitivity in different spectral
regions, Separate zets of spentroimma were made
for each element, using for each cxposure fregh
pellets to which an element had been added in the
proportion of 1 atom of the element for every 1000
atoms of copper. The element was thoroughly
mixed with the copper powder before pressing.

! Figures in brachetn indiesie the 1l taradure raferencaa at the snd of thla poper.

lating the upper lev
law

A lens at the alit of the spectrograph formed an
image of the arc which fell entirely within the
aperture of tha grating, consequently the spectra
raprasented radiation from all parts of the are.

he method of temperature measnrement adopied
here is based on eomparisons of published experi-
mental trangition probabilities of atomic lines with
the intensities of the same lines measured in_ the
copper arc. This method yields a temperature which
is precisely that sppropriate to the calrulation of
transition probabilities from our intensities.

If &, stome in the arc column are in an excited
gtate %, the number of transitions per second to a
lowaer atate m will he Ny whera A, 15 Ei{:ust-am’a
E‘mbahﬂit.y coefficient of spontaneous emission ) [2].

he powar from the fransition is

I=hN A, {1}

where 7 is the intensity of the emitted line, & is
Planck’s constant, » is the frequency of the line and
v is the energy of o single photon. The tempers-
ture enters the comparison through ita role of pepu-
15 in accordance with Boltzmann’s

q _E
M, =M, T {2)
fo

where Ny is the population of the ground state and
gp 18 ita statistical weight {2J + 1}, ¢, is the statistical
weight of the upper level, ¥ iz tha ene of the
upper level, & is Boltzmann's eonstant and T is the

absolute temperature.
Substituting (2) into (1} we have

I =‘;—i" hogpdyme i, (3}

Substituting »=e/h, where ¢ is the velocity of light
and X the wavelength of the line, and changing inte
logarithmic form (base 10}, (3} becomes

Ih =lo %_0,434E+
Fnidam g n KT

{4)

log

The first term on the right of (4) is & constant for




any particular element ik this arc. We set it equal
to ' and solve for T, Introducing s valus for &,
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where Tis in °K, gd=g,A4.n and E i3 in units of
1¥ em™! which we will call kilokaysers {1 KE—=
1000 em™1) in accordanece with a suggestion of
Meggers }3]. The value of T in most convenientl
obtained from a (g:ﬂt of log FifgA weraus K for ea:cﬁ
spectrum in which relative values of g4 are known.
’F]fe constant ' does not affect the slope of the line
from which 7' is determined.

The ordinate is equivelent to log NV, /g, s0 tha plot
is in effect. & display of tha population of excited levels
in the atom ga & function of the laval value. Flota for
eight sets of transition probabilities taken from the
literature and compared with our intensities ara given
in ﬂfures i to 8 Tho sirsightness of the plots
elear]y showe that the chbservations are in accord
with the Boltzmann distribution, Ths population
of levale of equsal siatistical weight declines axponen-
tially with increasing energy values.

Ifylsha F-value is known instead of A4, we may use
Ladenburg’s [4] equation

Swie? ﬂnt.fmt
Ouhns me N

(6}

for converting eq {(5) to the form
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where gf=gp fun{=0nSea}, and € is a constant,

e assume that the temperature of the arc was
constant during the axposure of each of ths hundreds
of spectrograms in which our intensity observations
wero made, Great care was taken in the ation
of the electrodes and in the operation of the arc io
ineure uniformity in the experimental conditions
from axpogure o axposure. a NBS intensity data
ueed in the 31 tamperaturs determnations raported
in ssction 4 of this paper are taken from aboué 50
separate exposures. It will be shown in the dis-
cuggien that tha varfation in the daterminations arises,
nk least in part, from systemsatic errore armongst the
sets of trensition probsabilities.

2. Excitation in the Arc in Air at Atmos-
pheric Pressure

The question arises whether we should be sbla fo
oesign & valid temperature which can be used to de-
sitibe the intemsity of spectral lines emitted in aceord-
anes with ag (3), If there pra seversl processes of
excitation at work, each operating at a4 diffarent
effectiva temperature, then eq (3) 18 not valid, In
& clasasical invesiigation, (Omstoin and Brinkman [5]
have shown that oxecitation in the eolumn of the
ordinary arc in air is controlled by collizions between
atoms and moleoules in a strictly thermal fashion,
The sama proceas is responsihle for ienization and
disgociation. Thay found that the excitation was
well described by Beltzmann’s law and that ioni-
zation followed Snba’s equation, which slso demands
s thermal aggregation of particles. Experiments by
Elenbaas deseribed by Cobine [6] show that in ares
at pressutcs above 20 mm Hg, the electron snd gas

A0 T T E

Lot
(DSTRAYSHY | 1998}
5460 Ox
MULY|PLETS

T.5

oF
o

Lo tabgr

&4

— | 1

25 o

K

Fravee 2.  Log rafie of indensily W02 bo gfsalue for muliiplels
of Co tin fhe copper are plotled sersus wpper lovel,

A ara temparsturs of 550 "E 18 derived rom {h slope of the e of beet it

6.

20 L]



I I T T T
L 4
=y |
IHML 18513
4ZBOTK
aal- ’ MULTIFLETE i
ool
a5}
-
5]
-
-
- 5.0
a5}
so |
ral-
1 1 k] 1 1

] g 35

E,nK

Froure 3. Log relio of intensity M h? fo gf-value for muodtiplets
af Cr 1 a4 the copper arc pindled versus wpper level
An are temperaturs of 4280 *IK ba depived from the slope of the Ime of et Gt

ElY

a4 Ll T T T
Fr:
TAARTS, 18534)
5500 °%
asl - MULTIFLETS
aal
=
=]
[ =)
g
g0l
rsl
7.0 A | | [
) 25 n 35 40
E, hi
Yrauvme 4, Logp roffo of intenariy » 0% o gf-velue for mulliplels

of Fe I fn the eapper are plolied versus upper level.
An are tamperatury of S0 TE B derived om $he slope of the Ine of best 61t

7

T T
L Tir -
IYAN STERELENBURG  IB4E)
B2&G O
EACH LINE
< a5l i
Z
F
-
Ll
o
-
a0 | -
.3 1
20 -] 33 3as
E.hK

Fiaquek §. Log relis gf tnlernazty X h to gd for ner of Titin
the copper ore plofied soriys upper Level,
An acc temperatuee of 500 *E b Garived from the slope of the lne of bast Gt

10 T T T T T
L]
¥r
. (KING , 347}
o5 AN -
HULTIFLETS
oo |
Laal
-
-3
[
g
a0 |-
ES -
Ll o
7.4 L I 1 1 1
0 gsl E2 35 an a5
E.KK
Fiougg &, Log rofio of intengily W F to gieelue for wmuliiplels

of V i in the copper erc piotied versus wpper level,
An are: Vernperatore of 530 “K i derived fram che slope of the Boe of best Bt




.5 T T T
Wi
QS TROYIRT , 1994]
132
ol WMULTIPLETS u
*
B
=
- L3 -
&
o
= -
5.5 1 1 1
Foo) 25 ag 25 af

E WK

Fravex 7. Log redic of indensify 200 fo gfralue for multiplefs
of V 1i% the copper aorc plofied cereus upper fevel.

An ape temperatups of a100 * K B derived drors Lhe slope of the Hne of est At

ternperatures are equal. Suits [7] has measured ihe
gas temparature and positive ion temperaturs in Arcs
at atmospherie preseurs and found them equal within
an experimental arvor of 300 *K,

The investigatione quotad above are of interest
in considering excitation in ares. However, in this
invesiigation we need not depend on them. Thae
remgainder of this paper 8 deveted to s discussion
of graphieal evaluations of temperaturva from eq (5)
or (8), using 31 sets of transition probabilities taken
from the literature, Exsmples are shown in figures
1 through 8. The linearity of these plots establishes
beyond doubt that the excitation in our arc is de-
scribad by Boltzmann's law. Tha fact that tha
excitation does follow Boltzmano’s law enables us
to celeulate transition probabilities from intensitics
and conversely. The guestion of the existence of
complete thermodynamicsl eguilibrinm per se be-
ecomes irrelavant for our purpoge.

3. Choice of Transition Probahilities

The values of relaiive transition probabilities
available for comparison with our intensities may be
divided into four categories: (1) Exparimental val-
tes bhased on indepangomt. temparature determing-
tions; (2) experimental values hased on temperature
determinations obtained with data from eategory
{1); (3) values ealeulated by gquantum-mechanical
methods (e.g., Hartree-Fock); and (4) values cal-
culated with the approzimate theory of Bates and
Damgasrd. Severel trinls with dots fromm categorios
(3) and {4) resulted in plots of cq (7) exhibiting such
& large scatter of points that no reasonably reliable
temperature could be derived, Allen [8), in & similar
investigation, etates that vee of Bates and Damgaard
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A arc temperature of 500 K ia derkeed trom the slapd of Ebs Tine of bk A%,

valuss Jeads to imposgsibly high are temperatures,
particulerly in complex spectra. Category (2) is
obviously madmissible for our purposes, since such
a aet of data would meraly duplicate the information
from, cn ry (1) with which it was calibrated.

We are Jeft with the experimental data of category
{1} for our temperature determingtion. These dats
are reviewed vp to 1954 by R. B. King [9] who noted
about 2000 kmown values. The number has sines
inereased to about 2200.

4. Resulis

A rather eomplete search of the published litera-
ture on experimental transition probabilities dis-
closed 31 sets of data surtable for comparison with
the intensitics fn the NBS Tables, All independent
sots of data with moers than 4 lines in common with
those of our tahles (and from which temperatures
could be derived) were included, with one exeeption
discussed in section 5. The results are sutnmarized
m table 1. Clolumn 1 gives the spectrutm Investi-

ted by the authors in col. 2. The dats came
E}om 5 laboratories, indicated in col, 3, and listed
helow,

Physicel Inatitute of the State University

at Leningrad________________________ 11 sets
Phtvfsica,l Laboratory of the University of
trecht_ .. ____._.._. e 10 sets
Nortnan Bridge Laboratory of the Cali-
fornie Institute of Technalogy_ .. __ .. 7 sets
Physical Institute, Academy of Sciences
UssR, Moseow_ ____________________ 2 gets
Zeeman Laboratory at the University of
Amsterdarm . ... ___ ... _______ 1 et
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The dats of publieation iz given in col. 4 and the
reference number, us listed at the end of this paper,
in col 5. The method used in the paper is indicated
in col. 6. In general, the several laboratories use
different methods. At Leningrad the anomalous
dispersion of the vapor in the neighborhood of the
abeorption lines from s funaece is employed aceording
to the “hook” method of Bogestwensley [36], some-
times with variations. The temperaturs of tha tube
furnace is measured with an optical pyrometer. At
Utrecht rmeasurements are made usually with the
arc method originated by Ornstein and his co-work-
ers [5] and earried on by fessor Smit [37].  In that

edure, the temperature is wusu measured
rorn the intensity distribution in the CUN bands in
the spectrum. Tie California experiments generally
follow the method of total absorption as developed
by King and King [38]. The {furnace temperature
is mensured with an aptical pyrometer,

The number of epectral lines utilized in each deter-
mination iz given in eol. 7, The largest numbers are
from Clhalifornia. The minimum and mazimwvm
values of upper excitation potential and the differ-
ences betwoen them are givenin cols. 8 and 8. These
determine the range of the abacissae of the plots and
thus affect to some extent the precision of the elope
determination, The temmperature determined from
tha glope of the plot appears in eol. 10 and its devia-
tion from the mean value in col. 11. The average
value of the 31 individual determinaiions is 5100 °K
and the average deviation 1w 470 °K (99). The
standard deviation of an individual determination,
which is 4 measure of the seatter of the determina-
tions, is given by

G1TI—82—1

_ \/E dav ®
A
and is gqual to 600 K (129%). The standard da-

viation of the mean, which measures the precision
of the result, is given by

dav.2
s

and iz equal to 110 °K {297).
also 5100 "E.

It is of interest to compars the results from the
three major contributors of franzition probability
data. This iz dene in table 2, The tgree MAAT:
valuez agres umongst themselves within their un-
certainties, Another test of the data was made b
selecting 12 seta of data which, on the basis of sma
seatter and uniform distribution of the points, and
adequate T of E, scemed to give pronise of
better deterrmunations. The average of these 12 1s
5000 °E. with an saverage deviation of 500 K.
Theze values are not significantly different from the
peneral averages. The above mentioned tests pro-
vide some confidence in the adoption of an un-
we%ght-ad mean as the best value for the temperature,

ight of the plota from which the temperatures
were detived are reproduced in the firurea. In each
figures is piven the spectrum, the referenca from which
the traneition probabilities were talken, the tcmpera-
ture derived from the plot and a note whether each
point on the plot represcnis & single spectral Jine or
the average value for a multiplet,

The median value is
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5. Discussion of Results

It might not be amisa to discuss briefly the
individusl determinations. gave & pood plot,
kut with only a small range of £ and & amall number
of lines, Tia Leningrad Ba data are excellent,
except for low velues of gf {or 4132 and 3889 A
which were probably caused by the proximity of
strong lines at 4130 and 3801 The Tltrecht Ba

plot: 13 good. Baoth plots of Cd are good and they
agree-well. Both Ca plots are excellent; the Cali-
fornin one covers an upnsually lo of £ {ses

fig. 1). The plot of the Co data from California is

long and e t but shows some seatter: the
Lenin one 13 shorter but with less scatier (zee
fiz. 2). The low temperature which is obtained

with the California Cr data has been noticed by
several other Eﬂlﬂﬁ and is discussed by Goldberg,
Muller, and Aller 139], Otherwise n good plot 18
obtained %ﬁg i get of Cr data from Leningrad
shows such a large scatter and small range of E that
no temperature could be derived [28).

10

Tn the Californis Fe plot, all the [ines below 3200 A
stand above the line, These were ighored in deriving
the glope, The Moseow Fe data show s rather Lo
scatter but yield satisfactory temperatures, Tﬁg
same paper [22] gives a set of data for Bi, which,
slthough apparently in good order, yields & tempera~
ture of 8700 "K, which differs from the general mean
by six tirnes the standard deviation snd it has been
rejected, as noted above, The Amaterdam Fa data
form an excellent plot with u good range of F and s
small scatter (sea fig. 4).

The (3a and In data are deficient in number and
involve only resonance lines which are erally
subject to various experimental difficulties, but they

ive o satisfaciory plot.  The plet for Hg covers too

ort & range of F beesuse the NBS intensity of the
resonanca hne was affected by self-absorption and
could not be used. K represents the only data
obtained from flammes, and, although necessarily
deficient in number of lines, yiclds a satisfactory plot.
It inwplves the resonanse lines, which showej' no
self-absorption in the NBS spectra. The Mg data
show & good distribution and & very amall seatier,
The Mg resonance line was omitted hecause of
2elf-ahsorption in the NBS line. The Mn resonsnca
lines f&]lrﬁ.igh on the Mn plot, indicating too low a
value of gf [romn the hook method, snd they were not
used in finding the slope, Ni gives a good plot but
with a small range of £. As in the ease of Mn, the
rezonance lines of Sc are hich on the plot and were
ignered in determining the slope.  The hook methed
apparently tends to give low values for the strongest
linee. The Utrecht Sr data make a nice plot over o
ﬁnud ranga of B Another zet of 3r dats obtained

v Eberhagen at Gattingen [40] by using the Kial
watar-arc forms a set of points with too large a seatter
to pertnit a determination of temperature.

Data for Ti are available from three laboratories.
The California set has a large number of pomts well
distributed over & long range of E and a very small
seatter. A preliminary plot of these data is shown in
ref. [l], o [Jtrecht data are fewer and have &
amalier range, but shown almost no seatter. The
maximurm vertical deviation of a point from the
beat line is 0.09 log units whieh represents & maxi-
mum deviation of 23 percent (see fig. 5), The
Leaningrad data have more points but a considerabla
seatter. It may be mentioned at this point that Mise
Rountres [41] hag calenlated a temperature for our
are from our Ti data and King's, Her walue is
slightly high because she omitted the A% factor of eq
(73, 'i:he Tl date from Leningrad have been fre-
gquaently cited in the Russian literature. ‘There are
only 5 lines in common with ours. The fact that the
temperature derived from these date shows the
maximum deviation in the gronp of 31 values may
arise fromn the locaiion of 4 of the 5 lines in the short
wavelength regions below 2800 A where the accuracy
of the intensities declines. The V data from Cali-
fornia have the largest number of lines in the grou
and the plot shows & moderate ecatter of poinis weﬁ
distributed over a long range of ¥, permitting an
aceurats determination of 7. Yt shows no suggestion
of curvatura, indicating strict adherence to Boltz-




mann’s law {gee fig. 8), The Leningrad data cover
a shorter range of gE (see fig. 7). The Utrecht data
for Zn cover the longest range of  of the whole group
aud give a very straight plot {see fiz. 8). The
Leningrad data otnit the intersystem line at 3075 A
and so bave a more restricted range of E,

Taken as a whole, the results exhibit a near]
nermal (Gaussian) distribution of valees (aea table
3). Consideration of the results in tahle 1 suggests
that the effective temperature of the copper arc is
substantially constant and that the variations arise
fromm aystematic ervors in the various sets of transi-
tion probabilities. For example, the two seta of
gf-values for V 1 exhibited in fizures 6 and ¥ are
compared with the same intensity numbers in each
case. The temperature difference of 780 °K between
the values from each plot can arise only from system-
atic errors inherent in the two szets of gf-values,
Similarly, the transition probabilities of wan
Hengstum and Smit [15] for (gd I are systematically
smaller relative to those of Penldn and Redko [16)
ni the larger values of K, so although the identical
KBS intensity nnmbcrs arc used, the two plots yicld
temperatures which differ by 330 °K. The diversity
of methods represented and the independent nature
of the laboratories leads vs to suppose that these
systematic errore heve offset one snother to some
extent in contributing to the general average value.

Various correlation plots have been made to deter-
mine other systematic influences on the derived
temperatures. There appears to be no correlation
with the number of lines used, with atomic number,
with range of K (abecissae of the plots), with magni-

tuda of £, nor with ionization potential.
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6. Effect of Uncertainty in Temperature on
Uncertainty in Derived Transition
Probability

The purpose of determining the best value of the
temperature of the copper are is to enable ua to cal-
culate values of gA or gf from the intensities of the
classified lines in the NBS Tahles of Speciral-line
Intensities. We must find cut how the unecriainty
of the value of T will influenee the uncertainty of
the gA or gf.

If we differontiate {3) with respect to 7 and
divide the rezult by eq (3] we have

digd)__ EdT
g4 KTT
Tntroducing numerical values we find
digd)  __E dT
gd 38T
Now if %jis 2 percent, then
dgd)__ 4 00565 B
g4
Similaxly
%ﬂn—ﬂ.mﬁﬁﬁ E

The magnitude of the error for values of the upper
level from 10 to 100 kilokaysers is given in tablc 4,
assuming a temperature of 5100 °K and an ancer-
tainty in tho temperature of 2 percent, Most of the
Iimes in the WBS tables have upper levels less than
50 kK, 3¢ most of tha errors introduced by the tem-
perature error will be less than 30 percent. This
16 about the same as the errors in the intensity
numhers themsalves,

£

TasLE 4. Error in gf T?A corresponding lo o & pereent error
&

in T af 5108 *K
Bink¥ | %horw in
ofor g4
[ 1]
20 11
E] 17
40 &
b1 28
L] H
) 0
a0 45
w0 M
I H

7. Conclusion

A temperafure for the copper arc in which the
intensities published in the Talbles of Spectral-
line Intensities [1} wore messured haz been deter-
mined. Compar=on of NBS intensities with 1650
published transition probabilities for 20 different
rpectra yields the value

H0L110 °K.

With this paramectcr, relative traasition probabilities
for the 25,000 classified lines in the NBS Tables can
be computed.

Further atudieas are in progress to determine the
state of ionization of each element i the are. This
will allow the relative values for each spectrom to be
adjusted to the same zeale. It may then be pessible
to calibrate the =cale on an absolute basis a3 Allen




has done [42).  All the pertinent data for the 25,000
lines are on punched cards and the computation can
be perforrned very quickly, onee the proper param-
eters and factors have been determined.

The author ackaowledges the kind enconragement
of W. F. Megperz and the helpiul assistance of K. .
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eurator, Miss Barbara Glennon,
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